Applicability of Statistical Flaw Distributions of Eglin Steel for Fracture Calculations  by Hopson, Michael V. et al.
 Procedia Engineering  103 ( 2015 )  213 – 220 
Available online at www.sciencedirect.com
1877-7058 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Curators of the University of Missouri On behalf of the Missouri University of Science and Technology
doi: 10.1016/j.proeng.2015.04.029 
ScienceDirect
The 13th Hypervelocity Impact Symposium 
Applicability of Statistical Flaw Distributions of Eglin Steel for Fracture 
Calculations 
Michael V. Hopsona*, Christine M. Scotta, David Lambertb 
aNaval Surface Warfare Center Dahlgren Division, 6138 NORC Avenue, Suite 313, Dahlgren, VA 22448, USA 
bAir Force Research Laboratory, Munitions Directorate, 101 West Eglin Blvd, Suite 135, Eglin AFB, FL 32542, USA 
Abstract 
Computational continuum codes can provide many details on the response of metals to high velocity impact and explosive loading events.  
However, most “production” level calculations use a homogeneous description of the metal.  This is an incorrect representation since 
metals possess a microstructure whose details create variations in material strength and other properties such as strain to failure.  
Ultimately these variations influence the formation of fragments at the macroscopic level.  The spatial scale of the microstructure is on the 
order of micrometers and is not readily accessible to current computational tools and resources for system level calculations. Rather than 
explicitly model the microstructure one can attempt to capture the effects of material non-homogeneity through the use of a statistical 
description.  Specifically, a statistically compensated failure strain criterion can be used to simulate the non-homogeneity of a material.  
This technique has been used previously by the authors on a tungsten alloy with some success.  In those experiments, tungsten alloy rings 
were subjected to explosive loading.  This resulted in a stress state approaching uniaxial stress.  Furthermore, the tungsten alloy had 
relatively low ductility.  The combination of these two factors resulted in fragments that were formed by tensile failure.  It is important to 
determine if this technique can be used on a more ductile material under a different stress state.  Fragmentation data was available for 
explosively loaded cylinders of Eglin Steel-1 (ES-1).  The combination of the cylinder geometry and a more ductile metal resulted in 
fragments formed by shear failure.  The experiment was simulated using CTH for the explosive and Pronto3D for the ES-1.  Comparisons 
of the cylinder calculation results are made to the experimental fragmentation data and the results analyzed show a viable path forward on 
the use of statistical descriptions of these continuum models. 
Keywords: Fracture, Weibull compensation, CTH, Pronto3D, Zapotec. These keywords will be used for indexing purposes. 
Nomenclature 
m Weibull modulus 
a  scale factor 
Cf cumulative density function 
Pf probability density function 
1. Introduction 
The fracture and fragmentation of materials subjected to high strain rate loading is a relevant topic for explosively driven 
metals, high velocity impacts and other high stress-rate and strain-rate loading events.  Both the underlying physics and the development 
of predictive tools continue to be investigated.  Many people have advanced this topic, but two British physicists, N.F. Mott and G.I. 
Taylor made fundamental contributions during and shortly after World War II [1,2].  This work was later expanded upon by D.E. Grady 
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[3].  More recently, researchers such as T.J. Vogler, D.M. Goto and R.M. Brannon have made use of more sophisticated diagnostics and 
computational tools to further probe the complex shock physics that occur under explosive loading [4,5,6].  The early work of Mott and 
Taylor used purely analytical techniques whereas Grady used both analytical expressions and contemporary numerical codes.  A key 
feature of Grady’s work uses statistical equations to address the fact that metals have a microstructure which leads to non-homogeneous 
material properties.  The role of non-homogeneity continues to be a focus for the current research. 
Computational continuum codes can provide many details on the response of metals to explosive loading.  However, most 
“production” level calculations use a homogeneous description of the metal.  This is an incorrect representation since metals possess a 
microstructure whose details create variations in material strength and other properties such as strain to failure.  Ultimately these 
variations influence the formation of fragments at the macroscopic level.  The spatial scale of the microstructure is on the order of 
micrometers and is not readily accessible to current computational tools and resources for system level calculations.  Rather than 
explicitly model the microstructure one can attempt to simulate the effects of material non-homogeneity through the use of a statistical 
description of mechanical properties, of strength, failure or other relevant state descriptions of the model’s dependent variables.  In this 
analysis, a Weibull distribution was applied to the element death failure criterion in Pronto3D.  The details of this approach are described 
in more detail shortly.  
The fracture and fragmentation of impact events are dominated by multi-dimensional stress and deformation loadings. The 
computational resolution of such tensor fields is readily achieved through pre- and post-processing methods. However, obtaining 
experimental quantities of known loading states is not as easily achieved.  Therefore, we drew upon an explosively driven metal 
configuration where at least the pressure magnitudes and strain-rates are within the correct order of magnitudes, but admittedly there are 
differences in the deviatoric stresses of impact and penetration.  The selection of explosively loaded cylinders enable us to obtain the 
strain at failure at a single strain rate for two different load paths; uniaxial stress and plane strain conditions [7,8].  The cylindrical 
geometry, described below, also enables instrumentation and large sample sections for statistically meaningful material response.  
2. Test Description 
Two metals, Aero 224 and Eglin Steel-1 (ES-1) were explosively loaded in a series of tests conducted at Eglin Air Force Base.  
Aero 224 is an alloy composed of tungsten particles in a nickel/cobalt matrix and ES-1 is a high strength steel developed at Eglin AFB.  
Both test configurations used an axisymmetric cylindrical stack.  The main charge consisted of an aluminized PBX explosive surrounded 
by the metals under investigation.  There were two configurations used in these tests for the ES-1 shots.  The open air configuration made 
use of a photonic Doppler velocimeter (PDV) which measured the expansion velocity of the ES-1 cylinder.  A photograph and schematic 
of this configuration is shown in Figure 1.  The second configuration enclosed the test article in a water filled tank.  This was done in 
order to soft capture the ES-1 fragments and is shown in Figure 2.  This figure also shows some example ES-1 fragments which were soft 
captured from one of the tests.  The details of the materials, the tests and the results are specified elsewhere [9].  This analysis focused on 
two tests from that test series in which a cylinder of ES-1 was explosively loaded.  In one test, the ES-1 cylinder expansion velocity was 
measured.  In the other test, the resulting ES-1 fragments were soft captured.  In the fragmentation test the ES-1 cylinder was 20.20 cm 
tall with a wall thickness of 0.40 cm.  The explosive core was the similar in height to the ES-1 cylinder and had a diameter of 5.08 cm. 
 
Figure 1 Eglin Steel-1 Cylinder Test Instrumentation Setup 
 
 
 
 
Figure 1 Eglin Steel-1 Cylinder Test Instrumentation Setup 
Figure 2 Eglin Steel-1 Cylinder Test Fragment Collection Configuration 
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3. Technical Approach 
The computational analysis tool set, CTH, Pronto3D and Zapotec, which were developed by Sandia National Laboratory, was 
used for the current analysis.  Zapotec is a coupled Euler-Lagrange computer code that links the CTH and Pronto3D codes.  CTH, an 
Eulerian shock physics code, performs the Eulerian portion of the analysis, while Pronto3D, an explicit finite element code, performs the 
Lagrangian analysis.  Zapotec was developed to solve a class of problems not readily handled by either Eulerian or Lagrangian methods 
alone, in which materials involved exhibit vastly differing degrees of deformation.  Example applications include earth penetration, blast 
loading on structures, and anti-armor applications.  In these kinds of scenarios it is advantageous to specific materials to model them with 
either an Eulerian or Lagrangian solver depending on the material characteristics.  A full description of the volume overlap coupling can 
be found elsewhere, but a brief description follows here [10].  In a Zapotec analysis, both CTH and Pronto3D are run concurrently.  For a 
given time step, Zapotec maps the current configuration of a Lagrangian body and its state onto the fixed Eulerian mesh.  Any 
overlapping Lagrangian material is inserted into the Eulerian mesh with the updated mesh data passed back to CTH.  Once the material 
insertion is complete, the external loading on the Lagrangian material surfaces is then determined from the stress state in the Eulerian 
mesh.  These loads are passed back to Pronto3D as a set of external nodal forces.  Once the coupled treatment is complete, both CTH and 
Pronto3D are run independently over the next time step.  For the ES-1 cylinder analysis, the explosive and surrounding air were modelled 
in CTH and the steel cylinder was modelled in Pronto3D.    
Modelling the ES-1 in Pronto3D allowed for the use of statistical compensation.  Specifically, instead of assigning each finite 
element in the Lagrangian mesh with the same failure strain, one can define a distribution of failure strains.  The goal of this technique is 
to move away from a homogeneous representation of the ES-1 and promote numerical fracture.  This technique is discussed in more detail 
further below in the paper.  Here, it is important to note that by using a Lagrangian framework for the ES-1, the distribution of failure 
strains defined at the beginning of the calculation will remain the same throughout time.  This differs significantly from an Eulerian 
framework.  In an Eulerian solver, the material moves through the finite volume mesh, which alters the distribution of failure strains.  This 
smearing effect works against the goal of modulating the fragmentation by varying the distribution of failure strains. 
As mentioned earlier, ES-1 (like all steels) possesses a heterogeneous microstructure.  In addition to influencing fracture & 
fragmentation at the macroscale level, this non-uniformity also produces size effects on material failure.  From experimental observation 
it is known that larger samples fail at lower stresses than smaller samples [11].  The larger sample has a higher probability of containing 
the critical flaw that causes the material to fail.  This effect has direct implications on how the distribution of failure strains is applied to 
the individual elements in a Lagrangian code.  An excellent discussion on how one might address this issue can be found in Meyer et al. 
[12].  However, the effect of size was not explored in this analysis.  First, the version of Zapotec used for this analysis does not have 
scaling features in the failure model.  Second, there was no data available on ES-1 at different sizes.  Future versions of Zapotec will have 
some scaling capabilities.  Also, it is hoped that in the future, fragmentation data of ES-1 at different sizes will be available. 
4. Explosive Calculation 
The primary explosive was modelled using a Jones-Wilkins-Lee (JWL) equation of state (EOS) in combination with a 
programmed burn.  The booster explosive, Composition-B (Comp-B), was modelled with the History Variable Reactive Burn (HVRB) 
model available in the CTH material database [13].  The actual test used an RP-80 detonator to initiate the Comp-B booster.  In the 
calculation, the RP-80 detonator was not modelled and instead a hot spot located in the Comp-B was used to initiate the booster which 
then initiated the primary explosive.  The deviatoric response for the ES-1 was modelled with a Johnson Cook (JC) strength model [14].  
The JC strength parameters were determined from additional material tests conducted at Eglin AFB and are shown below in Table 1.  The 
Eulerian mesh (CTH) used a uniform flat (i.e. non-adaptive) mesh with a cell size of 0.10 cm.  The domain was large enough to 
encompass the test article and also allow for expanding gases and was approximately 40.0e06 cells.  The Lagrangian mesh (Pronto3D) 
used hex elements, which were 0.08cm cubes and numbered approximately 280,000 elements.  This element resolution allowed for 5 
elements across the ES-1 cylinder thickness.  The calculations were typically run to 60 microseconds, a time sufficient for the entire 
cylinder to accelerate to final velocity.  At the final velocity, no further plastic deformation and subsequent fragmentation should occur.  
This behaviour was confirmed via experimental observation. 
Table 1. Johnson Cook strength properties. 
Material A 
(dynes/cm2) 
B 
(dynes/cm2) 
N C m 
ES-1 1.379e10 1.0342e10 0.33 0.02 1.5 
 
  Figure 3 shows pressure contours in the main explosive charge at time 0 and 30 microseconds after initiation.  The ES-1 
cylinder is shown as a cutaway in order to allow the explosive charge to be visible.  As the detonation propagated down the explosive, it 
caused the ES-1 cylinder to expand outward.  Note that in this figure the Comp-B booster charge is not shown.  High speed video was 
taken for several of the tests and several stills are shown in Figure 4.  The time tags are from the test data and the time zero reference 
point is the initiation of the RP-80 detonator.  Computational results are shown for comparison and were chosen to match the stills as 
closely as possible.  This includes accounting for the time shift in the computational results due to the simplified initiation train.  Note that 
the calculation captured several qualitative features.  First, the passage of the detonation wave expanded the ES-1 cylinder.  Second, the 
resulting ES-1 expansion eventually resulted in vertical fractures seen in both the high speed video and calculation.  Lastly, the detonation 
products expanded through the fractures in the ES-1.  
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During the tests, a PDV was used to measure the ES-1 expansion velocity at several points.  Tracers were placed at the same 
locations in the Pronto3D calculation to record the expansion velocity of the ES-1.  Figure 5 shows the PDV1 and PDV2 locations and a 
comparison of the PDV test data to the computational results.  For PDV1, the Zapotec results compare very well until approximately 35.0 
microseconds and then diverge slightly from the data after this time.  For PDV2, the Zapotec results compare very well over the time 
frame shown.  The PDV requires a reflective surface in order to operate.  Once the surface begins to break up, the PDV is no longer able 
to determine the velocity of the surface.  In this test, the PDV data was not available after approximately 50 microseconds.  These 
comparisons provide confidence that the computational analysis is able to predict the velocity of the ES-1 cylinder.  From this, one can 
also conclude that the calculation produced an accurate strain rate for the ES-1 cylinder.  This is important, as it is known from previous 
fragmentation experiments that fragment size is a function of strain rate [15]. 
 
 
 
 
 
Figure 3 Explosive Pressure Contours at Time = 0 and 30 microseconds 
Figure 4 High Speed Video Comparison 
Figure 5 ES-1 Cylinder Expansion Velocity Comparison 
217 Michael V. Hopson et al. /  Procedia Engineering  103 ( 2015 )  213 – 220 
5. Explicit Statistical Approach 
The steel cylinder modelled in Pronto3D was represented with a Johnson Cook hydrodynamic material model.  In order to 
simulate subgrid physics such as microstructure, a Weibull distribution was applied to material failure strain via the element death criteria.  
The Weibull cumulative density (CDF) is shown in Equation 1 and the probability density function (PDF) is shown in Equation 3. 
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Note that m is the Weibull modulus and a is a scale factor.  In this analysis, the scale factor was set to 1.0 and the modulus was 
varied from 1.2 to 4.  Material tests conducted at Eglin AFB determined that the mean failure strain for ES-1 was 0.1369.  Application of 
Weibull distributions around this mean resulted in a non-homogeneous distribution of failure strains for the ES-1 cylinder.  When the ES-
1 cylinder was loaded with the explosive blast pressure, this variation produced failure localizations which resulted in fracture and 
fragmentation. 
6. Results & Discussion 
6.1. Fragmentation 
Since most of the fragments (85% of the original mass) from the explosively driven cylinder were recovered with the complex 
soft recovery test setup, this allowed for comparison with analysis results.  In order to predict the natural fragmentation of the cylinder, a 
Weibull distribution was applied to the failure strain of the material to represent the natural heterogeneous composition of the metal.  The 
Weibull modulus was varied from 1.2 to 4.  The fragment characteristics were obtained by post processing the Pronto3D Exodus output 
files in Paraview.  Figure 6 and Figure 7 show Von Mises stress and equivalent plastic strain contours at 30 and 60 microseconds after 
initiation.  These plots show the fragment development as the detonation wave moves down the cylinder and as the reactive product gases 
expand pushing material away from the central axis and escaping through the developing cracks/spaces between the fragments.  Note that 
the expanding gases are shown in light grey.  Furthermore, the gases are rendered slightly translucent so that the ES-1 may be seen behind 
the gases.  The cumulative fragment mass distributions for the different Weibull distributions are plotted against the test data in Figure 8. 
The test data is plotted in red circles.  This figure shows that by varying the failure strain distribution it was possible to modulate the 
fragment mass distribution.  The figure shows results from Weibull moduli 1.2 to 3.0.  Note that it was possible to encompass the test data 
by varying the Weibull modulus.  The distribution from the calculation with Weibull modulus 1.4 came closest to the test data. 
 
 
 
 
 
 
 
 
Figure 6 ES-1 Cylinder Von Mises Stress at 30 and 60 microseconds 
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Figure 8 ES-1 Cylinder Cumulative Fragment Mass Comparison 
 
 
6.2. Failure Strain 
It is important to distinguish between the failure strains as measured from the fragments and the statistical compensation 
technique used in this analysis.  The distributions of failure strains applied to the ES-1 at the beginning of the Zapotec calculations were 
introduced to move away from a homogeneous representation of the steel and promote numerical fracture more consistent with 
experimental observations.  As shown earlier it was possible to apply a distribution of failure strains, which produced a fragment mass 
distribution that closely matched the experimental data.  However, the statistical compensation as currently formulated is a semi-empirical 
approach.  It does not capture scaling effects and it is not necessarily applicable to other geometries.  The fragment failure strains as 
defined by edge thickness are shown in Figure 9.  A Weibull PDF is show in the same plot with a Weibull modulus of 1.4.  This curve 
corresponds to the distribution of failure strains which when used in the Zapotec calculation produced an accurate fragment mass 
distribution.  However, one can see that the Weibull modulus 1.4 curve is not a good match to the measured fragment failure strains.  For 
comparative purposes a PDF with a Weibull modulus of 5.0 is also shown. 
This discrepancy highlights a limitation of this semi-empirical approach.  The distribution of failure strains as used in this 
analysis is not an intrinsic property.  So while the distribution can be used for ES-1 in this geometry, it is not necessarily applicable for 
other geometries or different length scales.  An important feature of this analysis was the use of the cylinder fragmentation data to 
determine an appropriate distribution of failure strains.  However, a more rigorous approach would make use of two experiments.  The 
first experiment would be designed to determine failure strain distributions as a function of sample size.  The second experiment could be 
an explosively loaded cylinder and would determine if those distributions produced accurate fragment mass distributions.  Successful 
validation of this type of approach will move the fracture analysis closer to a true predictive capability. 
 
Figure 7 ES-1 Cylinder Von Mises Stress at 30 and 60 microseconds 
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7. Summary and Conclusions 
High strain rate fracture and fragmentation of metals is an inherently stochastic process.  Typical continuum code calculations 
use a homogeneous representation of materials and thus tend to produce inaccurate fragment mass distributions.  Statistical seeding was 
used in this analysis to simulate the microscale heterogeneity that influences macroscale fragment formation.  Specifically, a Weibull 
distribution was applied to the material failure strain.   
Computational analysis of an explosively loaded ES-1 cylinder was conducted using Zapotec.  Zapotec uses a volume overlap 
technique to fully couple CTH (Euler) and Pronto3D (Lagrange).  The ES-1 cylinder expansion velocities from the calculation matched 
the experimental velocities well.  This result was taken as validation of the explosive model, ES-1 strength model and Zapotec 
CTH/Pronto3D coupling.  The Weibull modulus was varied and the resulting mass distributions were compared to the experimental data.  
The solution generated with a Weibull modulus of 1.4 matched the experimental data well.  Therefore, this technique was able to produce 
the fragment mass distribution of a steel alloy that exhibited shear failure when subjected to explosive loading.  This is a useful capability, 
but as discussed the distribution of failure strains used in the calculation does not correspond to the actual failure strain distribution 
measured in the experiment.  Future work might include experiments designed to investigate scaling effects, additional geometries for 
known triaxial stress conditions or higher strain rates that characterize high velocity impacts.  Specifically, it would be useful to determine 
if a distribution of failure strains determined from an experiment at one size is applicable to other sizes. 
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